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Abstract 
     We studied the mechanical and fracture properties of multi walled carbon nanotube (MWCNT) reinforced epoxy composites 
motivated by an extensive literature review that confirmed nanocomposites with around 3% by weight MWCNTs. As they are 
very efficient in arresting any potential cracks. Such nanocomposites have also been shown to prevent crack propagation by the 
possible mechanism of crack bridging, as well as exhibition of excellent mechanical properties. The initial phase of our 
experimental study – which comprised specimen preparation and tensile testing of MWCNT-epoxy composites – has concluded 
that there is excellent improvement in mechanical properties even with lower amounts of MWCNTs in the composite. We found 
with 0.3% by weight MWCNT in epoxy composite improves the mechanical properties by 75%, as exhibited in the modulus, 
ultimate tensile strength, and toughness from a tensile test on a dog-bone shaped specimen. Of interest, 0.1% MWCNT-epoxy 
specimen shows an overall increase by 20% in the mechanical properties. An intermediate experimental investigation of variation 
in sonication time intervals, curing temperatures, and curing time intervals indicated a minor deviation of around 4-5% in the 
mechanical properties, thus concluding that initial tensile improvements are robust against process conditions.  
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1. Introduction 
     The material engineering applications using nanoparticle reinforced polymers are considered as one of the most 
promising field of development and materials research. Intense research in nanocomposite has been fuelled by 
possibility of combining CNTs with conventional reinforcements of carbon, glass fibres. Specifically carbon 
nanotubes (CNTs) (Ijima (1991), Thostenson et al. (2001)) are prime candidates for reinforcement owing to their 
demonstrated potential in mechanical, fracture and electrical property improvement of polymers (Baughman et al. 
(2002)). But concern of special interest has been property improvements at low nanotube content in the 
nanocomposite and electrical properties have been studied by Sandler et al. (1999), Martin et al. (2004), Sandler et 
al. (2003), Ounaies et al. (2003) but the investigation on improvement in mechanical properties are of special 
interest. The processing of nanocomposites involving CNTs, due to low specific surface area of CNTs, leads to 
several challenges, such as an appropriate dispersion of the CNTs in the matrix, an adequate interfacial bonding 
(which can be assisted by functionalizing CNTs) and receiving representative information about nano-structural 
influences that can be investigated through microscopy and other techniques of nano-structural study. 
     The important challenge of dispersion of CNTs into epoxy resin has been found an important hurdle in 
processing and improvement of mechanical properties of nanocomposites. Dispersion is primarily achieved by 
mixing or stirring and sonication among various methods reported in literature (Sandler et al. (1999), Schulte et al. 
(2005)). However these techniques are limited as the purpose of disentanglement and separation of agglomerates of 
CNTs into individual nanotubes is ineffective because of these techniques’ limited capacity. Sonication can 
however, be fine-tuned through frequencies and temperature parameters as we explored in this study. Among 
sonication techniques is the pulsed ultrasound which is effective in CNTs agglomerates into individual CNTs and 
using functionalized CNTs even further improves the interfacial bonding of individual CNTs. This is exactly what 
we try to address in the experimental study. Apart from addressing the challenges, it is also contingent to the right 
selection of base material (polymer), optimum filler amount, dispersion method, aspect ratio and size distribution of 
MWCNTs, that the highly desirable properties of individual MWCNTs can be successfully transferred to the 
polymer composite (Thostenson et al. (2001)). These designed composites are expected to exhibit higher fracture 
toughness to withstand the single and multilevel delaminations, which are prominent modes of failure in laminated 
composites used in aerospace applications, where the frequent incidents of low energy impacts like bird strikes, 
flying debris are quite common and cause subtle barely visible impact damage (BVID) to composite structures.   
     The fracture toughness of the epoxy matrix ultimately is translated into the crack onset and crack resistance 
properties of the composites, and MWCNTs have been found to strengthen these properties. However, the 
improvements have been found in particular contexts of experimentations, for example at cryogenic temperature 
(Kim et al. (2012)) or cup stacking of MWCNTs in the matrix (Yokozeki et al. (2007)). In this paper, an 
experimental study of mechanical properties of tensile modulus and toughness of MWCNT-epoxy composites has 
been investigated. The MWCNT composition in the composite specimen was 0, 0.1 and 0.3% by weight at room 
temperature. In the experimental program MWCNTs, epoxy and ultrasonication for dispersion of MWCNTs 
throughout the polymer matrix is used. Wetting of nanotube-polymer matrix and adhesion are critical issues apart 
from uniform dispersion of nanotubes, in the materials processing of nanocomposites because CNTs have high 
surface area per unit amount i.e. specific surface area. Effective reinforcement depends on nanotube dispersion in 
the polymer matrix. Uniform and effective dispersion ensures firm and non-slippery nanotube bonding to the matrix.  
To address these issues, we experimented with dispersion using ultrasonic techniques and subsequently used SEM 
for microscopic details of the specimens. 
2. Experimental 
     Experimental investigation of tensile and fracture properties of low content MWCNT-epoxy composites has been 
reported earlier (Gojny et al. (2004)). Gojny et al. (2004) used 0.1% CNTs and had two samples - with and without 
functionalized CNTs. Sonication and three-roll calendar were used for effective dispersion of CNTs. A comparative 
study of these two dispersion methods was reported. Sandler et al. (1999) presented an excellent survey and 
effective method for CNTs dispersion and Li et al. (2003) elaborated on the role van der Waals forces on interfacial 
binding.  
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The effectiveness of dispersion technique can be investigated by SEM and TEM to find extent of agglomerate 
breaking and interfacial bonding. The role of interfacial bonding has also been investigated and reported in literature 
(Barber et al. (2003), Cooper et al. (2002)). The selection of base materials is strongly influenced by their wide use 
and applicability in aerospace applications. The materials being used are Carboxylic group (COOH) functionalized, 
MWCNTs of diameter 10-20 nm and length of 10-30 μm purchased and procured from Cheap tubes Inc., USA. 
Diglycidyl ether of biphenyl-A (DGEBA) (viscosity 500~1000 mPa.s and density 1.1~1.15g/cm3 at 25Ԩ) is epoxy 
resin used, while the hardener or curing agent is Cycloaliphatic polyamine (viscosity - 100~300 mPa.s and density - 
1.0~1.05g/cm3 at 25Ԩ) and purchased from Barnes, Australia.The manufacturing process comprised of dispersion 
of MWCNTs, curing/hardening, and transfer into casting moulds. The dispersion method used was sonication using 
ultrasound, on UV-Vis.  A gradual control of temperature was necessary to control the curing rate as well as to 
prevent the heat build-up as the curing reactions are exothermic in nature. Table 1 presents laboratory preparation 
steps for each specimen. Two successive sonication time intervals indicate sonication before and after mixing with 
hardener.   
 
Table 1 Specimen processing steps. 
 
Specimen Sonication Mould transfer Curing Remarks 
Pure epoxy 10 min, 5 min Silicone mould, dog bone 
shape.  
Room temperature, 14 
hrs; 60Ԩ, 6 hrs; 120Ԩ, 6 
hrs; 
All specimens prepared 
were visibly homogeneous 
and free of any 
manufacturing defect.   0.1 wt % MWCNT-epoxy 30 min, 3 min (stirring), 
10 min 
Silicone mould, dog bone 
shape. 
Room temperature, 14 
hrs; 60Ԩ, 6 hrs; 120Ԩ, 6 
hrs; 
0.3 wt % MWCNT-epoxy 30 min, 3 min (stirring), 
10 min 
Silicone mould, dog bone 
shape. 
Room temperature, 14 
hrs; 60Ԩ, 6 hrs; 120Ԩ, 6 
hrs; 
 
The tensile tests were performed on 15 (5 for each concentration of MWCNTs in the composite ) dog-bone shaped 
specimens using Instron 3369 machine, equipment with data acquisition system, at room temperature with cross-
head speed rate of 0.5 mm/min, to ensures comparison of test data with rigid and brittle material data. Experiments 
were also performed to gauge the effect of temperature and curing time variation on overall mechanical property 
improvements.  
3. Results  
     Mechanical properties of MWCNT-epoxy nanocomposites were examined and the results are summarized in 
table 2. It was observed that addition of MWCNTs to epoxy greatly improved the mechanical properties such as 
elastic modulus by 59.2%, ultimate tensile strength by 72.2% and toughness by 124.2%, for 0.3% by weight 
MWCNTs in the epoxy. The improvement in properties is comparatively better compared to earlier reported 
improvement at low CNTs content (Gojny et al. (2004)). However, the stiffness improvement observed with 0.1% 
CNTs was around 10% (Gojny et al. (2004)) and is comparatively low as compared to improvement observed with 
our experiments. Although we also experimented at 0.1% MWCNTs, the observed high improvement can be 
accounted by difference in materials and preparation methods. Moreover, we have only used sonication method for 
dispersion but a unique method comprising of different sonication times, frequencies was found very effective. The 
increase in properties is owing to the reinforcement at nanoscale and excellent wetting of epoxy chains on 
MWCNTs causing good transfer of load to MWCNTs. It was also found that MWCNTs in epoxy was good and 
ultrasonication was adequate to achieve good dispersion. 
Figure 1 shows the SEM of 0.1% and 0.3% MWCNT-epoxy specimen. This can be claimed from SEM images (Fig. 
1) which shows a clear separation of CNTs agglomerate into individual tubes. The SEM images show CNTs much 
separate and clear. The amount of CNTs in 0.3% specimen being higher than 0.1% specimen is clearly visible. The 
dispersion effectiveness can be seen in the texture and uniformity of the epoxy in the images. 
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Fig. 1.SEM image of MWCNT-epoxy specimen. 
Among other factors that affect the mechanical property improvements, dispersion is of equivalent concern, as 
elastic modulus and yield strength increase of 2 fold and 4 fold respectively has been reported for up to 1% and 4% 
by weight MWCNTs in epoxy (Alloui et al. (2002)). However, to ascertain least amount of CNTs for an 
improvement in properties, the experimental program carried out for this investigation achieves 124.4% increase 
with only MWCNTs of 0.3%. The elastic modulus, ultimate tensile strength and toughness show almost a similar 
trend of improvement with the increase % of CNTs. The graphical depiction of the results is presented in Figure 2 to 
demonstrate the effectiveness of MWCNT-epoxy composites. Further the improvement in elastic modulus and 
toughness was found to increase by 1.56 times and almost 1.4 times with successive CNTs addition to the pure 
epoxy. This gives a consistent improvement of 56.2 % and 32.7% in modulus and toughness respectively as shown 
in Figure 3.  
 
Table 2 Specimen tensile properties. 
 
Specimen Modulus, (GPa) Ultimate Tensile 
Strength, (MPa) 
Toughness, J/mm3 Remarks 
Pure epoxy 1.52 20.58 1.28 - 
0.1 wt % MWCNT-epoxy 1.92 24.37 1.92 50% increase in 
toughness 
0.3 wt % MWCNT-epoxy 2.42 35.44 2.87 124.2% increase  in 
toughness 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Tensile stress-strain curves of all specimens used in this work. 
 
Further experimental study has involved assessment of variation process condition on the observed improvement in 
mechanical properties of the composite. The improvement in tensile properties found to vary around 3-4%, and good 
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dispersion, as evident in SEM images supported the finding. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Improvement in Young’s modulus and toughness with addition of CNTs. 
 
The elastic modulus variation over different temperature and pressure bounds which averages to the reference 
process conditions is shown in Figure 4. The abscissa indicates the different temperature and pressure bounds 
experimented. 
 
 
 
Fig. 4. Elastic modulus variation with process conditions. 
4. Conclusions 
     The main achievement of the work is the fabrication of MWCNT-epoxy specimen with effectively good CNT 
dispersion that gives a signature improvement in mechanical, strain hardening and fracture properties. The elastic 
modulus and toughness combinations show comparable improvements with addition of MWCNTs into pure epoxy. 
The elastic modulus is increased by 56.2 % with the addition of 0.1% of MWCNTs, and commensurately toughness 
also increased by 32.7%. Significant improvement in mechanical properties is far better than earlier reported in 
literature for nanocomposites with low CNTs content. Future work involves study of the strengthening and 
toughening mechanisms as well as its effectiveness in using the nano-modified composites for arresting single and 
multilevel delamination in composite structures. 
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